Abstract An attempt was made to compensate for the lack of long hydrological time series and the lack of information on maximum streamflow in the Alzette River basin (Luxembourg) via the regionalization of stormflow coefficients. Streamflow data recorded since 1995 with a very dense streamgauge network allowed the determination of maximum stormflow coefficients in 18 sub-basins of the Alzette. The stormflow coefficients were then regionalized via stepwise multiple regression analysis for 83 different sub-basins of the Alzette. Combined with 10-year daily rainfall heights (statistical estimation), this regionalization allowed the spatial variability of storm runoff in the Alzette basin to be mapped, thus providing a view of hazard and risk-producing areas, as well as of risk-exposed areas. In a basin with little historical hydrological information this technique can help identify areas where storm runoff reducing measures should be applied from the outset.
INTRODUCTION
Restricted human and financial resources often result in limited availability of spatially and temporally distributed hydrological and climatological data. As a result, the understanding of streamflow responses to land use and/or climatic change still remains poor in many river systems.
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Given the difficulties in running dense hydrological and meteorological observation networks on a long-term scale, various techniques have been developed for several decades with a view to predicting and forecasting streamflow responses. While predictions are the basis for the design of civil engineering works and the formulation of land-use plans, forecasts are meant to guide the operation of reservoir systems and to provide flood warnings to floodplain occupants (Dingman, 1994) .
At the beginning of the 1990s, large urbanized areas were flooded on several occasions in Luxembourg. While rainfall had been measured continuously throughout many decades, very little hydrological observation series were available at that time. Since then, a dense hydrological and meteorological observation network has been developed, mainly with a view to forecasting peak flow rates for future extreme rainfall events. Five years of intense measuring have helped to considerably increase knowledge about the spatio-temporal variability of streamflow in the Alzette basin (Pfister, 2000) . Nonetheless, the observation series are still too short to allow an association of any feature of streamflow response (e.g. peak flow) with a given exceedence probability.
Some features of streamflow response can be evaluated for unmonitored catchments through regionalization techniques that actually consist of organizing into a hierarchy those factors that control streamflow, as well as its spatial variability (Humbert, 1990; Burn & Boorman, 1993; Pitlick, 1994; Vogel et al, 1999) . Wellknown regionalization techniques are the "index-flood", multiple regressions (Pitlick, 1994; Vogel et al, 1999) , or runoff maps. As outlined by Hendriks (1990) and Rao & Hsieh (1991) , this kind of regionalization technique is not useful for the reconstruction of hydrological time series and its application has to remain restricted to the estimation of synthetic hydrological variables (e.g. peak flow).
Given the very short record of high spatio-temporal density hydrological observations in the Alzette basin and the large number of rainfall observation series, the aim of this study is the development of a regionalized estimation tool of stormflow coefficients, in order to be able to estimate storm runoff for rainfall events of given return periods in any unmonitored basin. The results of this regionalization were applied to mapping, with considerable spatial accuracy, hydrological hazard and risk-producing areas, as well as risk-exposed areas.
STUDY AREA AND MEASURING NETWORK
The Alzette River originates in France, approximately 4 km south of the FrenchLuxembourg border (Fig. 1) . The catchment has an area of 1175 km". At present the Alzette valley accommodates almost two thirds of the population of Luxembourg as well as a significant part of the industrial infrastructure. Most of the Alzette basin relief is characterized by cuestas, where large flat areas of marls alternate with deep valleys cut into the Luxembourg sandstone. On its northern border, the basin is in contact with the schists of the Ardennes massif.
A very dense hydrological observation network has been set up in the Alzette basin since 1995, with 18 streamgauges covering sub-basins of areas varying between 7.3 and 1175 km". All instruments record water levels at 15-min time steps. Before the mid 1990s, only daily observations of water levels were made in a few stations and, moreover, only some rating curves were available. The basins equipped with streamgauges for which reliable rating curves are currently available range in size from 7.3 to 704.9 km". Their physiographic diversity is characterized by drainage densities varying between 0.6 and 1.6 km km""", almost circular (Gravelius compacity index, G c [= perimeter/(2 x vnxarea )] = 1.3) to very long (G c = 2) basin forms, specific slope that varies between 20 and 100 m, impermeable substratum covering between 30 and 100% of the total basin area, urbanization of basin area varying between 5 and 27%, as well as agricultural lands covering from 37 to 80% of the total basin area ( Table 1) .
The rainfall observation network has been very dense since the end of WWII: the average density of the raingauge network is one instrument per 30 km"", with 12 automatic raingauges having been added since the mid 1990s, measuring rainfall at 15-min time steps. 
METHODOLOGY
Since only very restricted streamflow data series are available for the period prior to the 1990s, it is currently impossible to estimate basic hydrological variables, such as mean annual streamflow for a given return period. In order to solve this problem at least partially, the authors have tried to isolate a parameter that describes the hydrological behaviour of the sub-basins of the Alzette and to correlate it with long rainfall observation series. The parameter that is most directly related to incident rainfall and streamflow is the stormflow coefficient. Its variability throughout the seasons reveals the changes in basin response to rainfall events, as it reflects the quick response of river basins to individual rainfall events through surface flow. Compared to streamflow volumes (total stormflow), stormflow coefficients are also much less dependent on rainfall volumes, i.e. the ratio between stormflow and rainfall reflects the actual degree of saturation of the river basin and is much less influenced by the total amount of rainfall. When a basin is saturated, its stormflow coefficient can thus be very high, as a response to small rainfall events, while the total runoff or stormflow values are very small.
By calculating stormflow coefficients throughout successive rainfall events, it is possible to evaluate the average yield (during winter and summer) and the maximum yield (when soils are close to saturation). As these various hydrological behaviours of the sub-basins are largely dependent on numerous physiographic factors, varying from one basin to another, the stormflow coefficients were regionalized through a stepwise regression analysis, helping to isolate those factors that explain most efficiently the spatial variability of the runoff coefficients. Five working steps were necessary to obtain the regionalized stormflow coefficients.
In the first step, spatialized rainfall heights were determined for 18 sub-basins of the Alzette, that were equipped with streamgauges. A single rainfall event had to produce a total of at least 5 mm of rain and not be separated by more than one day without rain. Rainfall was interpolated for 60 rainfall events from 1996 to 1999 through kriging software available via the GIS Arc-Info.
In the second step, baseflow and stormflow for 60 rainfall events were separated for the determination of stormflow coefficients. Considering the very large amount of data to be processed, a semi-automatic baseflow and stormflow separation technique (BFI software, Humbert & Kaden, 1994) , based on an automatic search algorithm of minimal inflexion points of annual hydrographs of daily streamflow, was used.
The third step consisted of analysing the individual evolution of the stormflow coefficients in each of the 18 monitored sub-basins of the Alzette between October 1996 and March 1999. Double-mass curves of rainfall and stormflow for each subbasin showed a highly contrasted evolution according to the seasons, with high stormflow values in winter and very low stormflow values in summer ( Fig. 2(a) , (c), and (e)). The rising slope of the double-mass curves appeared to stabilize fairly quickly during the winter months ( Fig. 2(a) , (c) and (e)). This maximum slope was found to be stable and specific for each basin from one winter to the next (Fig. 2(b) , (d) and (f)). For each sub-basin it was thus possible to determine a maximum slope of the doublemass curve, indicating a more or less stabilized stormflow coefficient throughout the remaining winter months. The maximum slope (AT max ) determined for the upper part of the Mamer basin (marls) was 0.55, while in the downstream part (sandstone) K max only reached 0.30. The K max value for the whole Mamer basin (marls and sandstone) reached 0.37.
In the fourth step, a stepwise multiple regression was used to determine the physiographic parameters that explain most efficiently the spatial diversity of the stormflow coefficients. Before that, the hydrological homogeneity of the study area had to be verified. Until now, there exists no recognized standard method for identifying homogeneous hydrological zones. The most common approach consists of defining regions through maps of residuals resulting from regression equations. However, this implies that the classification of any new basin has to be located in the geographical area used for the regression equations. As indicated by Nathan & McMahon (1990) , any regionalization technique is always confronted by the choice of variables that will be used for estimating the degree of similarity between basins. Certain basins are similar according to certain variables, but they will be much less similar according to other variables. Thus, for determining homogeneous regions, Zrinji & Burn (1994) indicate that one cannot rely ultimately on physiographic factors, since a homogeneity thus determined does not necessarily imply a hydrological similarity.
For the Alzette basin, physiographic, climatic and hydrological criteria were thus retained for defining the regions. It appeared that the Alzette basin is part of a homogeneous region in terms of climatic and hydrological criteria . All streamflows do have a pluvial oceanic regime (classification according to Pardé, 1968) , but their diversity in terms of the rate between maximum monthly streamflow and minimum monthly streamflow is relatively large (between 3.2 and 95.5). This diversity is mainly due to physiographic factors, climate and hydrological regime having proved to be homogeneous in the study area. A stepwise regression analysis was used to regionalize the stormflow coefficients in the Alzette basin. This technique is generally considered as being a reliable method of selection for explanatory factors (Cruff & Rantz, 1965; Draper & Smith, 1966) .
In the fifth step, 10-year maximum daily rainfall heights were determined for 19 rainfall-measuring stations in the Alzette River basin. Record lengths at these stations varied from 15 to 50 years. Areal rainfall was calculated via kriging in the spatial analysis module of Arc-Info. For 83 sub-basins delimited through a watershed delineation tool and a DTM in Arc-Info, daily maximum areal rainfall heights with a return period of 10 years were determined. Area and percentage of impermeable substratum were calculated for these sub-basins with a view to calculating K max via the previously obtained regression equation. By overlapping areal rainfall and K max , stormflow heights were determined for all 83 sub-basins and finally represented on a map, thus providing a tool for the localization of rainfall and hydrological hazards, as well as of risk-exposed areas.
For both the 10-year rainfall maps and the regionalized K max coefficients map, corresponding uncertainty maps were established. These maps help evaluate the degree of reliability that can be attached to the regionalized K max coefficients, as well as to the regionalized storm runoff values.
RESULTS AND DISCUSSION
As shown in Table 2 , the maximum stormflow coefficients (K max ) obtained via the double-mass curves of rainfall and streamflow for the 18 sub-basins of the Alzette range between 10.4 and 66 (mean K max = 38.3; SD = 13.9). The minimum K max of 10.4 corresponds to the Dudelingerbach, a tributary of the Alzette heavily influenced by mining activities, while the maximum K max of 66 corresponds to the Petrusse basin that is composed of a significant percentage of urbanized areas.
The spatial variability of K max is supposed to be strongly dependent on the physiographic characteristics of the various sub-basins. Thus, a stepwise regression analysis was used to determine those physiographic characteristics that most influence the K m . ax values. The predictors retained as being most adapted for explaining the spatial variability of K max were: basin area (S), drainage density (Dd), basin form (G c ), specific slope index (Ds), percentage of impermeable substratum (IMP), percentage of (Fig. 1) . The choice of a regression equation is always guided by somewhat opposing criteria: on the one hand the regression equation must contain enough predictors so that the prediction is most accurate; on the other hand, the number of predictors must not be too high in order not to obscure the most efficient ones. Even though there exists no unique statistical method for evaluating the best number of descriptive variables in a regression equation, it is commonly assumed that the number of observations has to be at least five times as high as the number of predictors. As, in this study, 10 basins were retained for the regression analysis, the number of predictors in the regression equation was limited to two. Thus, the results of the regression analysis for K maK were as follows: The maximum winter stormflow coefficient is obviously strongly related to both basin area (S) and the percentage of impermeable substratum (IMP). The Ho test confirmed the validity of the regression model and residual analysis indicated a normal distribution of errors. When applied to the validation basins, the performance of the model first appeared to be very poor (R~ = 0.30). Further investigation showed that these results were due to under-and overestimations of K max for the Petrusse and Dudelingerbach basins (Fig. 3) . In fact, these two basins are subject to various anthropogenic influences: in the Dudelingerbach area, mining activities have led to massive losses of rainfall through deep infiltration into abandoned mines (Kang et al., 1992) ; therefore, the simulated K max values are much higher than the observed ones (overestimation: 368%). The Petrasse basin is characterized by an underestimation of Kmax (64.4%), due to the large sewerage systems of the city of Luxembourg, located in the basin. As these both types of anthropogenic influences were not integrated into the regression equations, the errors of the K max estimations are very high. When these two basins were omitted, a value of R~ = 0.82 is obtained, revealing a satisfying prediction of K max for the validation basins. Well-known regionalization techniques such as the "index flood", multiple regressions (Pitlick, 1994; Vogel et al., 1999) , or runoff maps, need flow magnitudes and frequencies as basic data. In a region with little or no long hydrological observation series, those requirements cannot be fulfilled and thus these methods are not applicable to the Alzette River basin.
The regionalized K max coefficient method needs only relatively short hydrological observation series of high spatio-temporal density for evaluating storm runoff for rainfall events of a given return period falling on a basin with soil humidity conditions close to saturation. Even though this method does not provide any return periods of the estimated storm runoff, it nonetheless provides valuable information on the location of those areas that are most likely to produce high storm runoff. This type of information can help to better target storm runoff reducing measures.
Application of the regionalized K max for mapping climatic and hydrological hazards
Values of K max were determined for 83 sub-basins of the Alzette via the previously determined regression equation. Thus it became possible to calculate stormflow heights for any given rainfall event. The areal distribution of a 10-year daily rainfall event shows a strong west-east gradient, with maximum rainfall totals reaching up to 65 mm in the western part of the Alzette River basin and minimum totals of 35 mm in the eastern part (Fig. 4(a) ). As shown by the rainfall uncertainty map (Fig. 4(b) ), uncertainties are highest in the western part of the basin, ranging from -20 to +20%. The high uncertainty in this area is due to the shorter observation periods (from 15 to 20 years), compared to the rest of the basin, where observation series of up to 50 years are available.
The regionalized K max map (Fig. 4(c) ) shows areas with K max values from 0.4 to 0.7 in the central and northern parts of the Alzette basin, while K max values are below 0.4 in the remaining areas of the basin. The highest K max values are mainly located in those areas with impermeable substratum (marls and schists; see also Fig. 5(c) ).
The uncertainty of the regionalized K max values is shown in Fig. 4(d) . For more than two thirds of the regionalized K max coefficients, the uncertainty remains within the satisfactory limit of ±20%. In some cases, the uncertainty is very high, reaching up to 90%. These high uncertainties of the regionalized K nriX appear in those sub-basins where the percentage of permeable or impermeable substratum is close to 100%>. Since there were only a few basins chosen with 100% permeable or impermeable substratum in the calibration group, the confidence interval at 95% for basins with high or low j^\ Kmax uncertainty from -13% to + 15% from-16% to + 20% from -20% to + 25% . from -23% to + 30% 1111 from -32% to + 45% ^m from -50% to + 90% K nmx values is very large. This clearly is an illustration of the limitation of the regionalized J^max coefficient, due to the restricted availability of observations in basins with high percentages of permeable or impermeable substratum. Although the streamgauge network in the Alzette basin is very dense, there is nonetheless a lack of information for cases with this type of physiographical configuration. One possibility to avoid high uncertainties in the estimation of K max could be a restriction on basin size. The larger the sub-basin, the higher the probability of having a larger variety of substrata and thus also of various permeabilities. The comparison between the regionalized Kmax and the spatial rainfall patterns of a 10-year daily rainfall shows that there are some areas that can be considered as having a particularly high potential for creating high storm runoff. The western and central parts of the Alzette basin have high Kmax coefficients, due to the dominating impermeable substratum, as well as being characterized by high 10-year daily rainfall totals (between 50 and 65 mm). In the northeastern part of the Alzette basin, Kmax values are high, but rainfall totals are less important (<45 mm). These areas are thus less likely to produce high storm runoff.
Some surprising features of the storm runoff map are obviously linked to high uncertainties in the K max estimation. The highest uncertainties appear in small basins that are homogeneous from a geological point of view (100% sandstone or marls). Given the important role that is played by the geological substratum in the K max estimation, such contrasting conditions result in very low (e.g. 100% sandstone) or very high (100% marls) K meix estimations. Regardless of the high uncertainties that affect mostly small basins with a homogeneous geological substratum, the methodology provides reasonably satisfactory results, as is shown by the fact that most basins have uncertainties varying between -16 and +20%.
As illustrated by the comparison of the extent of the historical floods of 1995 ( Fig. 5(a) ) and the urbanized areas (Fig. 5(b) ), the flooded areas are mainly located in the eastern part of the Alzette basin, while the flood producing areas are located in the west. The overlapping of two critical factors-higher rainfall amounts due to orographic effects and impermeable substratum-causes particularly high stormflow values. The stormflow volumes accumulate in the alluvial plain of the Alzette where they can cause severe floods.
The mapping of streamflow heights via a regionalized maximum streamflow coefficient for any given rainfall event thus provides a very useful tool for identifying flood producing and flood exposed areas. This type of information can undoubtedly help to locate more accurately flood preventing measures, especially when planned to reduce runoff production.
CONCLUSION
Traditional streamflow regionalization techniques, such as the index flood, could not be applied to the Alzette basin, since there were insufficient long streamflow observation series. The regionalization of the maximum stormflow coefficient can help compensate, at least partially, for this lack of hydrological data. For any rainfall event in a given return period, which can be quite easily determined in the Alzette basin, given the numerous long rainfall observation series available, the corresponding stormflow volumes can be evaluated for soil humidity conditions close to saturation. This does not mean that the return period of the rainfall event can be applied to the estimated storm runoff, since, for a given rainfall event, storm runoff volumes can be very different according to the antecedent moisture conditions. The method is rather orientated towards the elaboration of "worst case" scenarios with rare rainfall events that are projected onto a basin with soil humidity conditions close to saturation (K imK ).
On a sub-basin scale, this information can be very valuable with respect to engineering works, especially if they serve flood protection. On the Alzette basin scale, the regionalization of K max for sub-basins can help produce a very detailed map of the spatial variability of stormflow. The overlaying of rainfall (for a given return period) and stormflow maps results in a spatial representation of both climatological and hydrological hazards. Through an additional overlaying of land-use maps, the regionalization of K max can be a useful visualization tool for flood producing and flood exposed areas.
